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Abstract 

We propose a generalized London theory that can 
correctly describe the longitudinal and transverse re- 
sponses of conventional superconductors to an elec- 
tromagnetic field. The continuity equation is satisfied 
by use of a special gauge for the scalar and vector 
potentials. Our phenomenological theory provides a 
simple example of the Anderson-Higgs mechanism. 



In ref. ^ Hirsch claimed that hole superconductors 
should carry a surface charge in the ground state 
even without an applied electric field and calculated 
phenomenologically the inhomogeneous charge ap- 
pearing inside a superconductor. In this comment 
we point out that the phenomenological calculation 
given in ref.fP for the charge distribution is not cor- 
rect, which includes a misunderstanding of the elec- 
trodynamics of a superconductor. Since a similar 
misunderstanding is also seen in recent articles |21 Ej i 
it will be worth presenting the correct phenomenolog- 
ical theory based on the generalized London theory 
for the electrodynamics of a superconductor. 

In ref.Q] the charge density p{f) in a superconduc- 
tor is assumed to satisfy the equation, 



p{r) 



1 



(1) 



under the Lorenz gauge V • A{'r) + ^dtAo{r) — 
with {Aq,A) being the scalar and vector potentials. 



In eq.(l) Al is the London penetration depth, which 
indicates that the screening length of a longitudi- 
nal electric field in the superconducting state is equal 
to the London penetration depth, not the Thomas- 
Fermi screening length Xtf ■ This point is stressed in 
ref.|^l21ISl as the remarkable electric properties in the 
superconducting state. However, eq.(l) cannot be ac- 
cepted, because it is against the general understand- 
ing that the charge screening length is still given by 
Xtf in the superconducting state. The charge den- 
sity p{f, t) induced by an external electric field in the 
superconducting state can be calculated microscopi- 
cally within the linear response theory, using the for- 
mula, p{r,t) = e^ J dt' J dr'K{r~r',t~t')Aoif',t'), 
where K{f— f ,t — t') is the density-density correla- 
tion function, i.e., K{r — fjt — t') = —iO{t — t') < 
[n{r,t),n{r' ,t')] >. In the lowest order (single-loop) 
approximation for K{r — r' ,t — t') of a s-wave BCS 
superconductor one obtains the equation in the static 
limit, 

p(f) = e2^/f(g)Ao(<?)e^«^ (2) 



where 



k^k+q ~ ^k^k+q + ^ 
EkEk+q{Ek + Ek+q) 



(3) 



with Ek = \/el + A2. From eq.(3) it follows 



A2 



(4) 
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in the limit (f — + 0, where N{0) is the density of states 
at the Fermi level. Note that the gap function A 
disappears after the fc-integration. Then, one finds 
the equation valid in the long wavelength region, 



= ^2(1 + A|p2) for the 



p{r) = ~2e^N{Q)Ao{r) 



1 



dispersion relations, uirip^) 
transverse one and (jj^ip^) 

for the longitudinal one with ujp = c/Al- In the 
neutral case i.e., e* = 0, the Lagrangian is re- 
duced to the one for the massless scalar field, C = 



Aoif). (5) acV(87re*2A2) 



Then, eq.(7) 



Note that the charge screening length coincides with 
the Thomas-Fermi length X^p = l/{8TTe^N{0)). 
From this observation one understands that the phe- 
nomenological theory should be constructed in terms 
of eq.(5) instead of eq.(l), together with the London 
equation. In this case the problem is that what gauge 
should be chosen, since the continuity equation is not 
fulfilled if one uses the Lorenz gauge, which indicates 
that the Lorenz gauge should be abandoned. Note 
that the substitution of eq.(5) and the London equa- 
tion into the continuity equation, dtp + V • j = 0, 
leads to the equation as follows. 



V • A{r, t) + 



^1 
A^ r 



dtAo{f,t)^Q. 



(6) 



We propose that eq.(6) should be regarded as the 
gauge condition for (Ao,A). Notice that the ratio 
of the screening lengths in eq.(6) can be rewritten 

as \\/\xF — "^^/i^F = ^ h'cB^ vp being the 
Fermi velocity, if one assumes Xtf and A^ in the 
free electron model. Note that vqe = vp/VS coin- 
cides with the velocity of the Goldstone boson in the 
superconducting state. The gauge function ip{r,t), 
which may be considered as the phase of the order 
parameter, i.e., the Goldstone boson, can be intro- 
duced by the gauge transformation, A A ~ f?Viy9 
and Aq ^ Aq + ^dtip with e* = 2e so that the new 
gauge field also satisfies eq.(6). It is also noted that 
the Maxwell-London equations in our theory can be 
derived from the gauge-invariant Lagrangian, 



C 



1 



r 

\^^{e*Ao + hdt(p) 



*A- 



(7) 



This Lagrangian describes the massive plasma modes. 
Under the gauge condition (6) one can obtain the 



indicates that the Goldstone boson ip is absorbed 
into the gauge field {Aq,A), i.e., the Anderson- 
Higgs mechanism^. Thus, our phenomenological 
theory provides the consistent description for the 
electrodynamics of a superconductor, in which the 
charge screening length is given by the Thomas- Fermi 
length. The gauge condition given in eq.(6) was pro- 
posed in ref.0 and is called the phason gauge. 
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